The purpose of this study is to determine the magnitude of the deformation of the receiver of a direct steam-generating system based on the angular distribution of temperature obtained from the water flow rate for a parabolic trough collector under stratified conditions. Several publications have developed models of temperature distribution in the wall of receivers but they have not been associated with a deformation feature. The model employed develops a finite difference grid for the tube wall; the system is solved for the boundary conditions imposed by the stratified flow under homogeneous distribution of concentrated solar radiation. The deflection magnitude is compared with experimental data obtained by the Experimental Solar Plant at the IIUNAM in Mexico City and reported in numerous scientific publications. The model results lie within a range of +/-10% from experimental data.
Introduction
The technical feasibility of concentrated solar systems with direct steam generation in the receiver tubes (DSG) in parabolic trough mirror plants has been shown with a DISS system built at the Plataforma Solar de Almería [1] and the Solar Plant IIUNAM [2] . These prototypes are very attractive because they allow the reduction of investment costs associated with equipment used to dispense thermal oil as heat transfer fluid (HTF). Because the plant configuration is simplified, the DSG is the most promising solution for reducing costs in the near future. The heat exchanger is also eliminated. __________ * Corresponding author. Tel.: +52-55-5850-1901 E-mail address: alberto.valdes@uacm.edu.mx
In a recent report, Altran Technologies [3] estimated investment costs in solar fields could be reduced by 15%. Similarly, for a plant collector channel 50 MW parabolic trough a 10 to 13% reduction in electricity costs can be expected. Currently the first parabolic cylindrical plant with a capacity of 12 MWe is being built in the state of Sonora, Mexico. This plant will operate in parallel with the Combined Cycle Plant in Agua Prieta, Sonora and use synthetic oil as heat transfer fluid.
The cost and thermodynamic disadvantages of synthetic oils and heat exchangers have a negative effect on the benefits of the facilities, and their cumulative capacity is expected to rise to about 2250 MW by 2020 [4] ; many companies are considering whether DSG technology could boost the competitiveness of the conventional method.
In fact, the trend is to send steam directly into the absorber of these hubs, thus avoiding the use of heat exchangers. To test this option, we look at some of the technical problems because the stratified flow in the absorber and the phase change cause significant thermal gradients in the circumference of the receptor and, therefore, the deformation absorber. There are several works which investigate this problem, including those of Almanza [5] , Zarza [6] and Montes [7] , who evaluate to what extent the distribution of solar radiation and the flow pattern in the absorber of a parabolic type concentrator cause problems with the phase change of water and the thermal gradients that cause deformation.
The working group of the IIUNAM in Mexico City, headed by Rafael Almanza, has identified and experimentally reproduced the main causes of deformation of the tubes hub receptors when steam is generated directly in them. Solutions have been proposed that agree on the manufacture of bimetallic receiver tubes made of a copper inner wall to reduce circumferential temperature gradients and a steel outer wall to provide mechanical support and rigidity to the high pressure flow. This working group has developed models for the fluid thermal-hydraulics and thermal profiles of the receiver [8] . This coupled solution has not been able to obtain equations that directly engage thermal with the mechanical effects of this behaviour, such equations are intended to include in this job. 
Nomenclature

The receiver deformation phenomenon
The stratified flow that occurs during the DSG in parabolic trough solar collectors is caused by the low two-phase flux of water and steam through heated tubes which are horizontal or near-horizontal. Raising the mass flux beyond a certain limit will make the DSG process run outside the region of stratified flow and then only intermittent and annular flow can occur [9] . Guaranteeing a certain minimum mass flow density (mass flux), however, could result in a restricted operation of the solar field in the part load range; the gained solar heat would then not be high enough to evaporate this minimum mass flux and the operating hours of the solar field would decrease. If a decrease in the mass flux stratified pattern were to occur, then the great difference between the coefficients of heat transfer in the wet and dry regions of the tube (top and bottom respectively) could cause severe thermal stresses within the tube wall of the fluid driver.
The aim of experimental tests carried out at the IIUNAM [10] was to determine the temperature distribution at the periphery of the tube wall and the receiver deflection caused by the circumferential thermal gradients generated. For that purpose a concentrated solar module 16 m long and with a 2.5 m aperture was fed with water at ambient temperature. It was observed that as the water moved through the receiver it was preheated from 25 to 105° C along the first 10 m of the module, then within a short time a certain region of the tube, from 11/16 to 12/16 of its length, deflection started appearing as a longitudinal wave motion through the pipe. It was also seen that the deflection magnitude was higher in the central part of the tube length. At this point we should note that the tube clamps are made of screws whose purpose is essentially to hold the tube horizontally in the focal region of the hub; they do not present axial resistance to deformation (see Fig.1 ). The primary cause of the tube deflection is the temperature difference between the upper and lower sides because of stratified flow, but it does not obstruct the axial deformation caused by the pins, which is minimal. Below is a sketch of the deflection phenomenon (Fig. 2) . 2 shows a receiver tube region where the stratified flow is found: in this region the cooling effect of the water is greater than that of the steam above it; in other words, the heat transfer coefficient in liquid flow is greater than the steam flow. This causes the bottom of the tube to be cooled faster than the top, establishing the temperature difference between the top and the bottom. A section of the outer horizontal tube is shown in Fig. 3 . During the two-phase stage, the temperatures of the receiver internal wall in contact with each phase are kept constant but are different from the initial temperature with which the system was mounted. That is, during the phase change there are two temperature differentials with respect to the initial temperature and therefore, the upper and lower portions having different axial expansion, numerically: ) (1) ) (2) Because the temperature is higher in the upper region of the tube than in the lower one, the linear axial expansion will also be higher. This causes the two elongations coupled in the cylindrical tube, which show a buckling effect very similar to what occurs in a bimetallic rod. Fig. 4 illustrates the effect of buckling where the bottom of the tube represents the arc of a circle to the top, the bow of another circle. β represents the magnitude of deflection.
Mathematical model
Preheating region
The equation for heat conduction in a cylinder under steady state conditions and no heat generation is given by:
For a fully developed flow in the axial direction, then equation (3) becomes:
The angular component of the temperature distribution depends on (1) the flow of incident solar irradiance and (2) flow conditions within the tube. If cold water at the receiver´s inlet fills the entire cross-sectional area of the tube, and if it is also assumed that the irradiance is uniform around the pipe absorber, then equation (4) becomes: 
Subject to the following boundary conditions:
The heat flow reaching the fluid in a segment of length Δz is given by:
In the region of liquid water preheating this amount becomes:
T b2 is the inlet temperature of the following heating segment Δz.
This procedure is repeated until T b2 reaches the value of the saturation temperature corresponding to the pressure applied in the simulation.
The internal coefficient of heat transfer for subcooled water inside a horizontal cylinder is expressed by the relationship developed for constant heat flux on the wall. For fully developed laminar flow along a distance Δz, the mean Nusselt number Nu is given by [11] : (10)
Two-phase region
Once the limit is reached for the water's preheating, the phase change begins; then a stratified saturated two-phase flow is assumed to flow along the horizontal receiver. This is perhaps the worst condition in the DSG process, since it leads to a non-homogeneous local overheating of the pipe wall [12] . Under these circumstances, an equation proposed by Hahne [13] for laminar as well as turbulent flow is used to calculate the Nusselt numbers, and hence the heat transfer coefficients for both regions are: (11) (12) where (13) and (14) The Nusselt number Nu and the friction factor must be evaluated at their corresponding regions, f or g, using the adequate thermophysical properties of each phase at a certain saturation temperature. The height δ of the saturated liquid in the pipe has a constant value along a z longitudinal fraction of the pipe. While the stratified flow is present, the heat gained by the fluid alters the quality 'x' of the mixture and hence of δ, the value of which can be recalculated on the next z. δ can be obtained from the following geometry: Fig. 5 . Geometry used for determining the wet and dry regions of the receiver's internal perimeter.
here: (15) where 'x' is the steam quality given by: Note that in equations 19 and 20 is different from the angular coordinate . Fig. 6 shows the longitudinal development of the temperature profile for the inner wall receiver and the fluid on a 11/4" schedule 40 tube when driving water as subcooled liquid; note the almost parallel curves, which are derived from the assumption of constant heat flux on the wall of the receiver. Water is fed at ambient temperature and the working pressure is 107.4 kPa, similar to conditions set in previous experiments by Flores and Almanza [10] Water flow is 90 kg/h and the tube receiver is exposed to a radiation of 8,512 W/m 2 homogeneously concentrated, which corresponds to an irradiance of 800 W/m 2 multiplied by the concentration ratio of 19 and optical efficiency of 56% for the concentrator module. While the fluid lies in the subcooled region, the temperature of the receiver is uniformly distributed along the circumferential direction and no deflection is observed.
Simulation results
When the water reaches saturation conditions for a pressure of 107. This behaviour of the temperature profile is caused by the faster cooling effect of the stratified saturated water, whose heat transfer coefficient is from 10 to 15 times greater than that of the steam region [13] . It is observed that for the simulation conditions expressed in Fig. 6 , we obtain a temperature difference of 33.77 ° C, which corresponds to an angular gradient of 10.75 ° C / rad.
Determining the magnitude of the deflection
The linear expansion coefficient, in this case steel, is assigned to the temperature profile obtained in the axial direction in the pipe wall. Therefore the longitudinal deformations of the pipe at the top and bottom are known by means of equations (1) and (2) respectively. This difference in length of the upper and lower regions of the cylindrical receiver creates the effect of buckling of the pipeline, which was finally adjusted by the arc of two circles overlapping in the centre, as shown in Fig. 4 . The radius r of the inner circle and the deflection magnitude β are calculated by means of the following relationships:
The two circumferences resulting, upper and lower, shown in Fig. 8 are self-adjusted according to the temperature difference. It must be observed that the radius r of the deployed circumference does not depend on the length L of the receiver, but is dependent on T inf and T sup given α L, D o and T i . Once stratified flow appears, the circumferential temperature gradient generates the longitudinal linear deformation phenomenon differentiated between the upper and bottom regions. The linear thermal expansion coefficient of steel was introduced with an average value of α L = 10.5x10 -06 °C -1 . Then, with reference to the ambient temperature of 25°C for the last 4 m of module 4, which corresponds to the region where the deflection was observed experimentally, equations (1) and (2) yield ΔL sup = 5.75x10
-03 m and ΔL inf = 4.37x10 -03 m. These longitudinal elongations are illustrated on the right side of Fig. 4 , and correspond to the arcs of two concentric circles whose radius difference is the external diameter of the receiver. The value obtained for β was 0.0214 m.
The results were compared with those obtained from experimental data obtained in the City University solar plant [10] . The model results are within a range of +/-10% from experimental data. The deflection appears in the last 4 m section, after about the first 9 m corresponding to the preheating region, and its magnitude is about 2.5 cm. 
Conclusion
Through coupled analysis of the thermo-hydraulic fluid phenomenon and thermo-mechanical effects in the receiver, we obtained the parametric functionality between the stratified flow pattern and the deformation of the receiver tube. Concerning the mechanical bending on the receiver, which has proven to be the most drastic effect generated by the temperature change under the operating conditions described, it follows that the magnitude of the deflection depends on the mass flow, the temperature of the fluid and the temperature of the receiver wall or heat flux incident on the periphery.
During the initial stages of this work it was found that the results were in agreement with those obtained in previous experimental trials. It is, however, necessary to develop a parametric sensitivity analysis based on a large number of simulations. Experimental tests will be performed to validate the simulations. The method has shown stability for the region where stratified flow develops.
The hypothesis of a circle adjusted to the deformation shown by the receiver when stratified flow is present has provided deflection values consistent with the measurements made by Almanza and Flores mentioned in this article [2, 5, 10] . The deformation occurs only for very low mass fluxes, and the experiments referred to were carried out to 43 kg.s.m -2 . This level of mass flux may occur at certain flow stagnation regions in solar power plants and therefore the deflection phenomenon appears.
